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ABSTRACT 
The distribution of cydic :l • ii' -nucleotide phosphodie~tera~e activity in albino rat skin was 
studied by histochemica l method~. Thr demonstrable enzymatic activity was found on or 
near the plasma membrane,; of mast cells, dermal fibroblasts. epidermal keratinocytes, and 
basal dendritic cell~. Plasma membranes of endothelial cells and intravascular erythrocytes 
and leukocytes also were labeled, but the enzymatic activity of the plasma itself may have 
produced this labeling. Theophylline. a phosphodie~terase inhibitor. blocked the formation 
of demon~trahle enzymatic products from exogenous cyclic AMP in rat skin. These 
histochemical sllldit'S show that cyclic A :YIP phosphodiesterase occurs in most. if not all, s kin 
cell types. 
Evidence suggests that hormonal actl\'lt\' in 
• many cell types is due to specific acti\'ation of a 
hormone-sensitive enzyme. adenyl cyclase [1, ~): 
the formation of adenosine :r .ii'-cyclic monophos-
phate Cc-A:\IP from udeno,;ine triphosphate 
(ATPl by this enzyme [:l]: and the intracellular 
mediation ol hormonal action by the c-AMP [1]. 
Cyclic :r ,5'-nucleotide phosphodiesterase (PDE) 
' hydrolyzes c-AMP to 5' -adenosine monophosphate 
(5' -AMP), thereby, in part. limiting the activity of 
c-AMP [4). Both adenyl cyclase and PDE are 
widely distributc•d in all tissues studied to date [2. 
5] with the activity ofPDE being much higher than 
that of adenyl c·yclase [fi ]. The observation that 
c-AMP accumulates despite the presence of large 
amounts of PDF. in the same tissue has suggested 
that PDE may exist in a partially inhibited s tate 
- [5] or that both enzyme:. rna~ occur in different 
!;ubcellular fractions [6] . 
Although the skin is usually not regarded as a 
hormonall~ respons ive organ. t has been suggested 
that the skin contains hormone-sensitive systems 
mediated by c-AMP [7. 8]. In addition, c-AMP has 
been proposed as an important regulator of cell 
division, cell growth, and intermediary metabo-
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!ism in many biologic systems [e.g .. 1, 9. 10] 
including the skin [7]. Since the skin is composed 
oft wo separate layers each consisting of several cell 
type!., biochemical studies on homogenized prepa-
rations (8, 11. 12] tannot possibly assign enzymatic 
acti,·ity to discrete cells. The development of a 
histochemical method of PDE localization at the 
fine structural level hy Florendo et al [13], how-
ever, produced the opportunity to study PDE 
activity at the fine structural level in intact rat 
skin [14]. 
MATERIALS A~D METHODS 
Htstochemistr:v 
The principle of this method 1131 i ~ the capture by lead 
nitrate of the pho~phate releaRed from the following 
sequence of reacltnn$: 
PDE i\'-nudeoudnse Adeno>.in(' 
c-AMP --+ !>' A~IP ____ .,. + 
Phosphate 
An electron-opaque precipitate is produced at or near 1he 
site of enzvmatic act ivitv. Both POE and 5'-nucleotidabe 
activity a;e essen I ial to'r !he release of inorganic phos-
phate to prndut·e the final lead phosphate precipitate. 
r-AMP 13 mMl wal> added 10 the incubation medium to 
permeate the entire tissue block and sen·e as the required 
sttbstrate for the tissue PDE in step I. Crotalus atrox 
venom with 5' -nucleotidase acti,·ity was added to the 
tissues to complete the reaction sequence (Step !I). 
Skin from the root pads of male Wistar-strain rat~. 
weighin~ 200 ::100 gm, wal; obtained at the time of 
sacrifice and diced into 1 mm' blocks. The skin was fixed 
for 30 min at 0 4"C in 1<'; glutaraldehyde in 0.0:> M 
cacodylate-nitrate buffer, pH 7.4. with 0.25 M dextrose 
added tC .:'\ D bufter). and was washed three times (20 
min) in C-N D buffer. 
PDE actiuitv trith exOJ!fmou.~ .5'-nuc/eotidase preincu-
batiOn. Four glutaraldehyde-fixed samples were subse-
quen!ly incubated for 30 min at room temperature 12.')"C) 
in 60 mM Tris maleate buffer, pH 7.4, containing 2 mM 
MgCI, and 0.2:"i l.\1 sucrose (T - M-S buffer). C. otrox 
venom, 5 mg/ml in T M S buffer was added. All these 
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samples were divided into four groups and incubated at 
37°C for 30 min in T- M-S buffer as noted below: 
No substrate: Pb<NO,), (2 mML C. atrox venom (3 
mg/ml) 
Theophylline i11hibition: Pb(N0,)2 , C. atrox venom, 
c-AMP (3 mMJ. theophylline (50 mMl 
C. atrox penetration: Pb(NO,),, 5'-AMP (3 mM) 
Experimental: Pb(N0,) 2, C. atrox venom. c-AMP 
Endof.!enou~ 5'-nucleotidase control.~. Since tissue 5'-
nucleotidase could complete the coupled reaction to 
produce inorganic phosphate (see above). the contribu-
tion of endogenous 5' -nucleotidase to the observed reac-
tion product was examined. 
After fixation, three tissue samples were first incu-
bated in T - M S buffer without added C. atrox venom at 
room temperature. One sample was removed for further 
biochemical analysis !see below). The remaining two 
sample!> were reint·ubat.ed for :10 min at :r;•c in T- M- S 
buffer containing Pb(NO,I. and 3 mM 5'-AMP or 3 mM 
c-AMP. 
Electron Microscopy 
After washing for 2-5 min inC N D buffer, the tissues 
were postfixed with l 'lr osmium tetroxide in C N D 
buffer for I hr and washed twice for 10 min with the same 
buffer. The specimens were dehydrated with graded 
concent ration~ of ethanol , 50"( through absolute, and 
propylene oxide and embedded in Araldite. Thin sec-
tions, -100-600 A, were cut on a Porter-Blum .MT-2 
ultramicrotome and mounted on Fonnvar-coated grids. 
Some sections were examined for Lhe reaction product 
without staining and others were stained with i 'l; uranyl 
acetate in 50~ methanol and. when half-dried. restained 
with lead citrate 1151. All specimens were examined in on 
Hitachi HU·l2 electron microscope. 
Biochemistry 
Rat skin that had been fixed in 1% glutaraldehyde and 
unfixed rat brain and skin were prepared for assay of 
PDE activity. Cyclic nucleotide activity in glutaralde-
hyde-fixed w1d unfixed rat skin was determined by the 
method of Thompson and Appleman [161 modified by 
Solomon [17, '18, • ]. This two-step radioactive assay 
utilized the same reaction sequem·es as the histochemical 
method and differs only with respect to certain technical 
details (30°C, 10-min incubation, ' H·c-AMP, Dowex 
anion exchange resin). The index of biochemical conver-
sion of c-AMP via 5'-AMP thus becomes tritiated adeno-
sine .instead of the phosphate precipitate production in 
the histochemical method. These fiXed and unfixed 
tissues were homogenized, sonicated, and centrifuged 
using the modified [17] method of Cheung 119]. The 
blanks, reagent cont rols. and complete reaction mixtures 
used in this method are given elsewhere [16, 17, H 
One unit of PDE enzyme activity has been defined as 
the amount necessary to produce 1 llM of 5' AMP from 
c-AMP in I min at 30°C 13. 4]. However, in the 
radioactive method this PDE activity has been expressed 
as % conversion of ' H-e-AMP per min per mg protein at 
30°C [16, 171. All chemicals used were reagent grade 
from commercial sources. Specifically, adenosine 3',5' 
(cyclic) monopbosphoric acid (c-AMP, Lot # lOlC-7310). 
C. atrox venom. 5'-adenosine monophosphate (Lot 
H21C-i170). and theophylline were obtained from Sigma 
Chemical Corporation, St. Louis, Mo. Tritiated c-AMP 
• King LE Jr. Solomon SS. Hashimoto K: In 
preparation 
with specilic activity of 16.3 Ci per mole was obtained 
from Schwarz/Mann, Orangeburg, N. Y. and purified by 
passage through a Dowex 50W-8. 200· to 400-mesh 
calion exchange column (201. 
RESIJLTS 
Hi.~tochemical Studies 
PDE activity with exogenous .5'-nucleotidase 
preincubation. 
No substrate: .In the presence of Pb(NOah, C. 
atrox venom, and C-1\:-0 buffer, the glutaralde-
hyde-fixed rat skin had no visible lead precipitates. 
These findings excluded nonspecific lead absorp-
tion or precipitation. No evidence of lead precipi-
tate due to ei ther nonenzymatic hydrolysis of 
nucleotides by lead [21. 22] or venom enzymatic 
activity with endogenous ATP. c-AMP, 5'-AMP, or 
other tissue phosphates was observed. However, 
lead precipitates identical to those observed when 
tissues were incubated in a solution containing 
only lead were noted occasionally at the edge of the 
tissue block. i.e .. araldite-tissue interface, but not 
within the block in areas such as collagen bundles, 
desmosome!;. blood vessels. or basement mem-
brane. 
Theophylline inhibition: In the presence of the 
complete reaction mixture [Pb(~03) 2 , C. atrox 
venom, tissue POE, c-AMP] theophylline, a 
specific inhibitor of POE, prevented any detecta-
ble lead precipitates from forming. This control 
excluded not only nonspecific lead absorption but 
also endogenous phosphate as a source for the 
specific precipitate formed by the tissue POE 
(step I). These findings also indicated that the 
residual POE activity due to incomplere theophyl-
line inhibition (80%. biochemical studies) is so 
limited that it cannot be identified even in areas 
noted to have high POE activity (mast cells. serum, 
fibroblasts). 
Crotalus atrox penetration (Fig. 1): The addition 
of 5'AMP to the samples preincubat.ed with C. 
atrox venom produced both intra- and intercellular 
reaction products. The pattern of the deposition 
product was such that the exogenous 5'-nucleoti-
dase appeared to permeate the entire block of fixed 
skin. r.;o areas of specific binding or exclusion 
could be detected in either the cellular or noncellu-
lar areas. 
Experimental (Figs. 2-6): The reaction product 
was associated with several cell types. On all 
labeled cells, the heaviest concentrations of label-
ing tended to occur on the villous projections or 
elongations of the plasma membranes (Figs. 2- 6). 
Also, in nonvillous areas of the labeled cells, an 
asymmetric, discrete pattern was noted. The reac-
tion product was mostly external to the outer 
lamina of the trilaminar plasma membrane. In 
some cases (Fig. 3) the ovoid precipitates were 
either slightly detached from the outer lamina or 
entirely overlapping the three-layered plasma 
membrane. Although the basal keratinocytes ap-
• 
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FIG. 1: C. atrox penetration. Adding exogenous 5'-AMP to t issue blocks preincubated in C. atrox venom 
(5'-nucleotidase) produced intra- and extracellular lead precipitates in the epidermis (top) and among the dermal 
collagen fibrils (bottom). ( x 14,100) 
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Frr.. 2: Experimental. PDE activity in the rat 
epidermis is revealed by the discrete reaction product on 
the basal keratinocyte membranes {8). Some 
desmosomes contain a few deposits (arrow). Below the 
basal lamina (BL). a dermal monocytic cell (MJ has 
numerous membrane-associated reaction products. 
Occasionally, collagen fibrils (C) show a few 
electron-opaque lead deposits. ( x 5,757) 
pear to have more labeling of their cell membranes, 
keratinocytes in the malpighian layer, which are 
more mature cells. also had the same asymmetric, 
discrete labeling on their membranes. Keratino-
cytes in mitosis were noted to have a PDE activity 
that was morphologically and quantitatively iden-
tical to nondividing keratinocytes (Figs. 3, 6a). 
Desmosomal areas (Figs. 2, :1) and gap junctions 
(data not shown) occasionally contained the reac-
tion product. Basal dendritic cells without iden-
tifying organelles (i.e., melanosomes or Langer-
hans' cell granules) were noted to ha,·e membrane-
associated PDE activity (Fig. 4). Ln general. the 
cell type with the heaviest labeling was the mast 
cell (Fig. 5) with the fibroblast (Fig. 3) next. The 
largest and densest reaction product occurred in 
blood vessel lumens (Figs. 5. 6b). Labeling of 
leukocytes. red blood cells <RBCJ. and endothelial 
cells was noted, but labeling also occurred in the 
plasma even in the absence ol cellular elements 
(Figs. 5. 6b). 
Endopenous 5' -nucleotidase controls. ;..!o reac-
tion product was noted if the exogenous f>'-
nucleotidase (C. atrox) was omitted from either the 
preincubation step or the final reaction mixture. 
Since only the venom is omitted. this control 
excluded nonspecific lead precipitation, endoge-
now; 5' -nucleotidase. or other routes of 5' -AMP 
FIG. 3: Experimental. Higher magnification of basal 
keratinocyte~ marked by the arrow in Figure 2 and 
dermal monocytic cell (M) also from Figure 2 show:; the 
PDE activity associated with outer lamina of plasma 
membrane. Reaction products associated with mternal 
lamina (•) or overlappin~ the entire plasma membrane 
( '· ) are also noted. Arrows point to deposit~ in 
desmosomal JUnctiOn!:i. Tonofilaments <Tl; desmo:;ome (Dl: collagen fibrils !C). ( x 19,975, upper inset, 
11.100! 
utilization as possible sources of the specific lead 
precipitate. Therefore, endogenous 5' -nucleotidase 
either was not present or not active under these 
conditions. This control further indicated that the 
two-step reaction required both exogenous c-AMP 
and 5' -nucleotidase to produce a phosphate precip-
itate derived from the exogenous c-AMP (via newly 
formed 5'-Al\IP). 
Biuchemica/ Studie.~ (Table) 
The activity of the rat !<kin PDE was remarkably 
stable despite the incubation condition;; and differ-
ent reagents used in the histochemical method . lf 
tissue blocks proce~sed completely for histochemi-
cal examination (no substrate, I.A.l were used 
subsequently for biochemical assay. the same total 
PDE activity wal> round in these samples as was 
detected in fresh. unfixed tissue assayed biochemi-
cally in the presence of lead nitrate. Therefore, in 
this histochemical method the heavy metal effects 
[Pb (N0 3 ) 2 ] are the primary factors affecting rat 
skin PDE activity and not the standard incubation 
conditions or other reagents (see below). PDE 
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F IG. 4: Above the basal lam ina (BL) and between 
1 basal keratinocytes (B). a basal dendritic cell with POE 
activity on its plasma membrane is noted. ( x 17,648) 
F1c. 5: Mast cell (M) with its typical j(ranules shows 
1 membrane-associated POE activtty. Reaction products 
are noted in blood \'essel lumen on and over the leukocyte 
(L) and endothelial cell (E) surface. Collagen fibrils (C). 
( < 7.050) 
FIG. 6: Left: POE activity on plasma membrane of 
keratinocytes in mitosis. Desmosome (0): chromatin (•). 
Right: Aggregates of reaction product in blood vessel 
lumen, on a red blood cell (R) and the villous projections 
from the endothelial cell's lumenal surface (E). Basal 
lamina (BL). ( .<. 11.750) 
activity was detected in the particulate ( 1000 A g) 
and supernatant or soluble fractions (10,000, 
30.000. and 100.000 x g). 
Glutaraldehyde Fixation 
The sequence of glutaraldehyde fixation (fixed 
blocks; unfixed blocks, prior to or following homog-
enization) did not significantly a lter the PDE 
activity (mg protein basis). Unfixed or glutaralde-
hyde-fixed albino rat skin had the same significant 
and easily demonstrable total PDE activity (PDE 
,. venom, skin : 2.5 ± 1.5%: 0.025 units). Both the 
particulate and soluble PDE activity after glutar-
aldehyde fixation was measured and appeared to 
be unchanged by the fixation process (data not 
shown). These findings contrast to the two-thirds 
loss of rat brain PDE activity after prolonged 
glutaraldehyde fixation and washing reported by 
Florendo et al [13]. Cheung (5] reported that 
bovine brain PDE, under optimal conditions (40 
mM Tris- HCI buffer. pH 8.0, :~0°C, divalent ions), 
hydrolyzed c-AMP at a rate of I ~-tmole/mg protein/ 
min. Under the same conditions t he rat skin POE 
hydrolyzed c-AMP (5 x 10- • M) at 10% this rate 
(0.1 11mole c-AMP/mg protein/min). In our study 
the activity ratio of rat skin to rat brain was 1:5 
(Table, 2.5C'f vs 12.5%). No intrinsic PDE activity 
or nonspecific activity of the exogenous 5' -nucleoti-
dase, C. atrox venom, could be detected (venom, 
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TABLE 
PDE activity in Rlutaraldehvde-fixed albino rat skin 






















































The presence unci activity nl POE Ill fixed rat skan 
(POE -r venom) was compared on a r:; degradation of 'H. 
c-AMP ( + S.E.:vll bas as to unftx(•d rat hrain ancl to the 
PDF. activity of the exogenous ii ' -nurleotadase (\ennm. 
no POE) used in the hisLOchemiral method. Endn!(enuus 
5'-nucleotidasc activity of the lixed hkm is shown (POE, 
no venom). 
no PDE). In both fixed and unfixed rat ~km 
homogenates. no endogenous 5' -nucleotidase activ-
ity could be detected (PDE. no venom). 
Lead Nitrate 
In the histochemical method. lead can inhibit 
both step I CPDE reaction) and step ll (venom or 
5' -nucleotidase reaction). The degree of lead inhi-
bition depended upon the pre~ence or absence of 
MgCl 2 and the tissue integrity (blocks vs homoge-
nates). Lead nitrate inhibited the skin PDE activ-
ity more if the tissue homogenates were incubated 
without added MgCI1 . The tissue blocks with or 
without added MgCl2 were inhibited much les~ 
(without added MgC1 2, 60':; of ba~eline activity; 
with added MgCl 2, 80 8.5~ baseline activity). If 
only lead nitrate and the C. atrox venom (0.5 
mgiml) are in(·ubated in C N D buffer, the 5' -
nucleotidase activity of this mixture is reduced by 
80 90 percent. However, in the presence of in-
creased venom concentration ( > 2 mg/ml), T M S 
buffer. and tissue blocks or homogenates. the lead 
inhibition of step II (5'-AMP • adenosine) was less 
than 10 percent (data not shown). 
Theophylline 
The enzyme activity of the fixed and unfixed 
blocks or homogena1es was inhibited 80-90 percent 
by 50 mM theophylline at c-AMP concentrations 
in the mM range [13, 18]. 
OlSCUSSION 
This study provide;; hi~tochemical e\ idence 
that a membrane-associated PDE is present in 
most cell types in rat skin. The presence of the 
cyclic nucleotide PDE substrates. c-AMP and/or 
c-GMP, has been detected in numerous extracellu-
lar fluids [23]. These authors noted that the 
extracellular occurrence or the compounds (c-
AMP. c-GMP) was almost as common as their 
intracellular occurrence. Our study and other stud-
ies 12~ 28] suggest that a PDE localized at the cell 
surface capable of metaboliling extracellular c-
AMP may be a common biologic phenomenon. 
This interpretation of the data awaits more experi-
mental e\'idence since much less in known about 
mammalian extracellular cyclic nucleotide metab-
olism than the intracellular sequelae of hor-
mone-nucleotide interactions [1. 2]. 
In contrast to the marked membrane-associated 
PDE activitv. the add it ion of c-AMP to glutaralde-
hyde-fixed ·skin failed to reliably demonstrate 
intracellular PDE activttv. These observations do 
not a priori invalidate these results since we 113 J 
and others [291 used these same methods to 
demonstrate intracellular PDE activity in other rat 
lissues. Other interpretations of the lack of intra-
cellular PDE activity in these studies may be 
considered, i.e., insuf~ficient intracellular penetra-
tion of c-AMP. Since we do not have direct 
biochemical evidence of the rate, amount, or 
precise mechanisms of extracellular c-AMP trans-
port or degradation by all the different skin cell 
types. we cannot state with absolute certainty the 
reason(s) for the lack of intracellular PDE activity. 
In the epidermis. the PDE activity was found 
associated with basal- and spinous-layer keratino-
Cyies (Fig. 2-4). The PDE activity was detected up 
to and including the spinous-granular cell layer 
junction. but no PDE activity was detected above 
this level (data not shown). No detectable increase 
or decrease in dividing keratinocyte!' was noted 
(Fig. 6). The presence of PDE activity in the 
different stages of keratinocyte cell cycle and 
maturation 1s compatible with the !;uggestion of 
Voorhees et a! [7) that a c-AMP-mediated system 
may be an important regulator of epidermal cell 
division. growth, and intermediary metabolism. 
The ba!'.al dendritic cells with PDE acti\"ity lacked 
specific identifying organelle» (Fig. I). This cellu-
lar population would be expected to contain both 
melanocyte:, and Langerhans' cells. As hormonally 
sensitive cells, melanoc:ytes from all species may be 
expet·ted to have a cyclic nucleotide system, but 
this has been studied in detail only in the frog skin 
[30- 32 j. No evidence to date has been reported to 
document a c-AMP system in Langerhans' cells. 
The exact function of this cell type is controversial. 
but Hashimoto [33] supports the concept that they 
are phagocytic cells. 
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In the dermis. fibroblasts were easily identified 
by the pre~ence of the membrane-associated POE 
activity (Fig~. 2. ::J). The existence of c-AMP-
- dependent reactions in fibroblast::; has been well 
documented by tissue cult urc and biochemical 
methods [9, 10, 34]. These authors and others have 
sugge~ted an important role for c-AMP in motility, 
contact inhibition. growth. division. and ,·ira! 
transformation of fibroblasts. In the present stud-
ies, the rat mast cells had the heaviest labeling of 
any cell types (F'ig. 5). Perhap~. the intense POE 
activity may correlate with their active in vin> 
roles. E"idence that a c-AMP system is involved in 
the immunologic liGEl release of histamine from 
rat [:1;1] and human skin [36] has been noted. 
There is evidence in other S_\stem» [::J7 [that cyclic 
nucleotide metabolism affects and if; affected hv 
histamine metabolism. We noted evidence f~r 
membrane-bound PDE activitv of leukocvtes. red 
blood cell!;. and endothelial cells (rigs. i>. G). Since 
rat plasma contains high le,·els of cyclic nucleotide 
POE [2:!, :27. 2R ], the possibility of contamination 
of the formed element!> hy plasma POE was not 
excluded . Howe\'er. there is 01 her evidence that the 
formed element!:> of rat blood contain cyclic nucleo-
tide POE [:23. :25. :Ti. :28[. 
Although these studies demonstrate PDE in 
most. if not all. skin cell tvpes. the methods do not 
lend themsekes to specific quantitative studies in 
various disease states unless rigornus control ex-
periments a re performed. The methods are most 
useful to detect the presence and loca lization of 
• POE activity. 
• 
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